ABSTRACT
INTRODUCTION
Combustion instabilities are a major concern in numerous combustion systems, including solid and liquid rockets [1] , ramjets [2] , and gas turbines [3] . In gas turbine engines, the pressure oscillations from combustion acoustics can couple with oscillations in heat release rate from the flame, as well as oscillations in flow field [4] . Effects of fuel/air mixture ratio [5] [6] [7] [8] , inlet mixture temperature, inlet flow velocity [9, 10] , swirl number [11, 12] , and combustor geometry [13, 14] on thermoacoustic oscillations have been studied to understand the excitation and damping mechanisms [15] for combustion instability in swirl-stabilized flames.
Combustion instability can be suppressed using active methods, such as fuel flow modulation, or passive methods, such as Helmholtz resonators, though passive methods are preferred in industry due to their robustness. Fuel staging [16, 17] , a passive control technique, has proved to be an effective way to suppress instabilities. Fuel staging is accomplished by varying the fuel-flow distribution between different nozzles of a multinozzle combustor. Samarasinghe et al. [18] recently studied the effect of fuel staging on the structure and instability characteristics of swirl-stabilized flames in a lean premixed multi-nozzle can combustor. They found that when staging fuel is introduced into the middle nozzle, not only does the distribution of heat release rate change throughout the flame, but also, the regions of highest heat release rate fluctuation oscillate out-of-phase with neighboring flames to suppress the instability. Building from the steady-state work on fuel staging, Culler et al. [19] studied the transient behavior of fuel staging in the same multi-nozzle combustor. They found that the characteristic instability decay timescale depended on the amount of staging fuel added, where larger amounts of staging fuel resulted in shorter decay timescales. Based on images of the phase between pressure and heat release rate fluctuations, they hypothesized that flame interaction plays a significant role in the decay and onset of self-excited combustion instabilities in a multi-nozzle combustor.
While most industrial gas turbine combustors are multinozzle combustors, most studies of combustion instability consider single-nozzle configurations. A few studies have considered the differences of the flame and the flame transfer functions between single-nozzle and multi-nozzles configurations. In annular combustors, flame response to transverse instabilities have been compared between a selfexcited annular combustor and a single-nozzle rig with transverse forcing by capturing the flame dynamics with planar laser induced fluorescence (PLIF) of OH [20] . These results showed that the flame dynamics in response to the transverse acoustic mode were similar in both experiments in cases where the spacing between the nozzles in the annular combustor was large. A comparison between flame response to longitudinal acoustic modes in a single-nozzle and annular combustor was discussed by Fanaca et al. [21] , showing that similarity in flame response to acoustics is highly dependent on the confinement of the flame, as well as the flame shape. In their experiment, flame spacing was relatively large, reducing the impact of flame interaction on flame dynamics.
Comparisons between single-nozzle and annular combustor configurations, though, cannot necessarily be translated to cancombustor configurations, where flame interaction can be much more severe. Szedlmayer et al. [22] compared the flame transfer function between a single flame and the flames in a multi-nozzle can combustor, where these two configurations used the same injector hardware. They found that the flame response of the multi-nozzle flame demonstrates a similar pattern to that of a single-nozzle combustor in most cases. At high frequencies, the multi-nozzle flame has a higher response than the single-nozzle flame, and at low frequency, the multi-nozzle flame dampens the perturbations, while the single-nozzle flame amplifies them. However, the differences between the flame transfer functions were never fully explained.
The goal of this work is to compare both the local and global behavior of single-vs. multi-nozzle systems. The multi-nozzle configuration is a can combustor using a four-around-one nozzle configuration. The single-nozzle combustor is constructed by plugging the four outer nozzles of the multi-nozzle combustor and replacing the larger quartz liner with a smaller diameter liner with the same length. In this way, we change as little as possible about the experiment between the single-and multi-nozzle configurations in order to facilitate a more accurate comparison of flame dynamics. We explore the mechanism of combustion instability as well as the transient behavior of these flames. CH* chemiluminescence imaging and dynamic pressure measurements are used to gain a better understanding of the spatial distribution of driving and damping effects in both steady state and transient combustion instability. Timescales of the instability decay and onset process are also investigated particularly to capture the response of combustion instability to equivalence ratio changes. Experiments are conducted in both a five-nozzle can and a single-nozzle combustor with an identical flow supply system, as illustrated in FIGURE 1 and also described in detail by Samarasinghe et al. [18] . The only difference between the singleand multi-nozzle geometries is the diameter of the quartz liner. The single-nozzle quartz diameter is chosen to match, as closely as possible, the confinement ratio of each flames in the multinozzle configuration. The confinement ratio (CR) is defined as the ratio between the total nozzle area and the cross-sectional area of the combustor. Previous work by De Rosa et al. [23, 24] , in this same experimental configuration, showed that confinement ratio can affect the flame dynamics. The main geometrical parameters of the two combustors are listed in TABLE 1 , and show that the relative difference in confinement ratios is approximately 10%; precise matching was not possible due to limitations in available quartz tubes. De Rosa's work showed that a 10% difference is not significant at these combustor diameters. In this study, we consider both the steady-state operation as well as the transient operation of these combustors. The transient is executed by varying the equivalence ratio with a proportional control valve upstream of the fuel-injection point in the nozzles. The transient equivalence ratio change for both single-nozzle combustor (SNC) and multi-nozzle combustor (MNC) configurations is conducted the same way as described by Culler et al. [19] . The main fuel and air are mixed ahead of a choke plate, far upstream of the combustor to ensure perfect mixing. During equivalence ratio transients, extra fuel is injected into the fuel staging annulus in the injector, where it flows through the holes on the swirler vanes and is injected into the flow at a location of approximately 0.1 m upstream the dump plate. A cutaway of a fuel nozzle is shown in FIGURE 1(c) ; the nozzle is symmetric so only half of it is shown. This additional fuel rapidly mixes with the main premixed flow; acetone PLIF measurements by Orawannukul [29] confirm that the additional fuel is wellmixed at the dump plane.
EXPERIMENTAL SETUP AND MEASUREMENTS

Measurements
An infrared absorption technique is used to measure the equivalence ratio variation at the dump plane relative to the valve actuation. The signal is obtained from absorption measurements taken at equivalent non-reacting conditions to determine the equivalence ratio as a function of time for both the SNC and MNC.
Water-cooled, recess-mounted PCB dynamic pressure transducers mounted in the dump plate and in the center nozzle are used to record the pressure fluctuations within the combustor at a sampling rate of 16,000 Hz. All data is high-pass filtered to retain frequencies above 10 Hz. During single-nozzle tests only, the center-nozzle pressure transducer is used to characterize combustor pressure fluctuations, as the dump plate pressure transducer is outside of the combustor liner. Combustor pressure fluctuation amplitude is obtained by assuming plane-wave propagation from the nozzle transducer to the dump plane [25] . This method was validated in the MNC, where both transducers are available.
A Photron SA4 high speed camera fitted with an Invisible Vision UVi 1850-10 intensifier, a Nikon AF Micro-Nikkor 60mm f/208 lens, and a 432±5nm bandpass filter is used to obtain high-speed CH* chemiluminescence images, where CH* is used as a marker of heat release rate [26] . The images are captured at 4000 frame/second for two seconds with a frequency resolution 0.5 Hz.
DATA PROCESSING TECHNIQUE Logistic Regression
The timescale of a transition can be determined by fitting a logistic curve to the envelope of the dynamic pressure signal, calculated using the analytic signal, and evaluating the width of the curve, as described in Culler et al. [19] . The general logistic equation that describes the transition between two system limits is shown in Eq. 1 [19] . The Plimit-cycle and Pstable are the pressure fluctuation magnitudes of the pressure fluctuations in selfexcited limit-cycle unstable and stable conditions, respectively. In the denominator, k is an exponential power constant and t0 is the curve center.
In the logistic model described by Eq. 1, the two important parameters are the curve center t0 and the exponential power coefficient k, from which we can define the characteristic timescale τ. The relation between τ and growth/decay rate k is expressed in Eq. 2. As the absolute value of k increases, the time scale τ decreases, indicating a shorter transition between the two asymptotes.
The characteristic convective time of the staging fuel is calculated by fitting an equation of the same form as Eqs. 1 and 2 to the signal obtained from the absorption measurements.
Frequency-Domain Image Processing
To conduct further analysis of the combustion instability mechanism, the CH* chemiluminescence images are processed in the frequency domain to characterize the unstable flame behaviors at the dominant combustion instability frequency. At each pixel, the mean value of that pixel is subtracted and a fast Fourier transform (FFT) is calculated on the fluctuating intensity signal, resulting in a fluctuation amplitude and phase at the instability frequency. The steps of the image processing are similar to those in the processing technique described by Samarasinghe et al. [18] . The only difference is that the bandwidth of the bandpass filter in this paper is chosen to be 40 Hz (±20 Hz around the dominant instability frequency), to be coincident with the filter adopted for the pressure processing when calculating the phase difference between pressure and CH* intensity.
Phase and Normalized Raleigh Index Image Processing
The phase difference between the pressure and heat release rate fluctuations is obtained from the dynamic pressure signal and CH* fluctuation images by treating each pixel of the image an individual time series. The Hilbert transform approach used by Kheirkhah et al. [27] is applied to both the pressure and each pixel of the image to capture the instantaneous phase information of both the pressure and CH* fluctuation signals; these phases are used to calculate images of the instantaneous phase difference between the local heat release rate fluctuation and pressure fluctuation. A detailed introduction of the processing technique is discussed in Ref. [19] .
Additionally, the normalized Rayleigh index is used to quantify the regions of driving vs. damping in both the singleand multi-nozzle flames [28] . Normalization allows for comparison of the strength of the driving mechanism relative to the total heat release between the SNC and MNC on the same scale, since the multi-nozzle combustor produces more thermal energy than the single-nozzle combustor. Additionally, the CH* images of the two combustors are recorded with different intensifier gains, and so this normalization also corrects for this difference. The formula to calculate the local normalized Rayleigh index at each pixel in space is described by Eq. 3.
STEADY STATE COMPARISON Pressure Fluctuation Comparisons
Both the single-and multi-nozzle configurations undergo self-excited oscillations at the same inlet velocity and temperature condition at an equivalence ratio of 0.7. The experimental conditions for the two combustors under steady state conditions are listed in TABLE 2. The dependence of the pressure fluctuation RMS values on the global equivalence ratio is displayed in FIGURE 2. For the SNC, there is a dramatic increase in the pressure fluctuation RMS when the equivalence ratio in the single center nozzle increases from 0.675 to 0.7 (green), which matches the instability variation with the same global equivalence ratio transition observed in the MNC where all nozzles are fueled equally (blue). The dominant frequencies of the combustion instability in SNC and MNC are approximately 514 Hz and 524 Hz, respectively. This comparison of the system stability in the SNC and MNC shows that the single-nozzle combustor behavior is globally similar to that of the multi-nozzle combustor, making the comparison between the two systems stronger.
The red points in Figure 2 show the efficacy of staging in a multi-nozzle combustor. At these points, 4.4% of the total fuel flow is directed to the staging circuit in the center nozzle, redistributing the fuel/air ratio between nozzles. In this way, even as the global equivalence ratio increases, the combustor remains stable as a result of the fuel staging.
FIGURE 2. DEPENDENCE OF PRESSURE FLUCTUATION RMS VALUES ON EQUIVALENCE RATIO FOR SNC, MNC
Time-averaged CH* Image Comparison
We compare flame structure between the MNC and SNC under unstable conditions by first examining the normalized, time-averaged CH* images in FIGURE 3. In the figure, the gray rectangles indicate the solid parts of the combustor upstream of the flame, including center-bodies and the dump plane between nozzles. All the CH* chemiluminescence intensities are normalized by dividing the measured value by the maximum value within the domain so as to compare the SNC and MNC on the same color bar. The MNC image shows the line-of-sight integration of five flames, the overlap of the three swirlstabilized flames in the center resulting in an increase in the CH* chemiluminescence intensity. Previous work [18] has shown that the center flame has an "M" shape due to flame-flame interactions, and the outer flames have a variable type of stabilization around their circumference. The SNC flame has a "V" shape since there are only flame-wall interactions and no flame-flame interactions.
As illustrated in the two bottom plots of FIGURE 3, the outer halves of the two outer nozzle flames in the MNC have a similar shape to the flame in the single-nozzle configuration; these portions of the flame are bounded by red rectangular boxes with the same size and same location relative to the combustor wall for comparison. The flame length, defined as the distance between the center of heat release rate (CoHR) and the edge of center-body [24] , is a little longer for outer half flames in the MNC than the flame in the SNC. The confinement ratio of the MNC (0.23) is a little smaller than the SNC (0.25), which results in a slightly shorter flame height in the SNC flame [23] . However, despite the minor differences, the time-averaged flame shapes are similar for the SNC and the outer-half of the MNC flames, and so we compare the dynamics of this portion of the flames.
FIGURE 3. NORMALIZED MEAN CH* CHEMILUMINESCENCE IMAGE COMPARISONS BETWEEN SNC AND MNC AT EQUIVALENCE RATIO OF 0.70
Phase-resolved CH* Image Comparison
To understand more about the unstable flame dynamics in these two configurations, phase-resolved CH* chemiluminescence intensity fluctuations at an equivalence ratio of 0.7 are compared between the SNC and the MNC. The normalized CH* fluctuation images in Figure 4 are generated by dividing the fluctuation intensity by the local time-averaged CH* intensity. Normalized phase-resolved CH* fluctuations images for the left half flame in both the SNC and the MNC are displayed at 12 phase angles. The color scale for the MNC is three times that for the SNC. We can conclude that the normalized heat release rate fluctuation amplitude in the MNC outer flames (left) is approximately three times that in the SNC (right). For each flame, the heat release rate fluctuations are convected downstream with the main flow.
At each phase angle, the spatial distributions of the heat release rate fluctuations are similar between the MNC and the SNC; larger fluctuations in heat release rate are observed in the downstream portion of the flame. From the normalized RMS images of multi-nozzle rig in Ref. [18] , we can see that larger RMS values appear in the region where flame-wall interaction happens during unstable combustion. Additionally, the flame disturbances at the base of the flame, likely due to acousticallydriven vortex shedding at the nozzle exit, are produced in the same region and convect downstream at similar velocities with the main flow in both the MNC and SNC. The flame fluctuation amplitude at the base of the flame in the SNC is weaker as compared to that of the MNC; this discrepancy is augmented by the intensification during flame/wall interaction in the MNC that is less apparent in the SNC. However, despite this difference in amplitude, the dynamics of the two flames are similar on a phaseresolved basis as indicated by the similarity of structures in both configurations at a given phase angle.
a) MNC Colormap b) SNC Colormap
FIGURE 4. PHASE-RESOLVED NORMALIZED CH* FLUCTUATION IMAGES OVER 12 PHASES Normalized Rayleigh Index Image Comparison
Normalized Rayleigh index images provide an indication of the spatial distribution of thermoacoustic driving from the flame in the combustor. The distributions of the normalized Rayleigh index for the two combustors are illustrated in FIGURE 5. The spatial distribution of the normalized Rayleigh index in the outer flames in the MNC is similar to that of the flame in the SNC, which is congruent with the phase-resolved dynamics. A comparison of the color scales for the two combustors shows that the driving effect of the outer flames in the MNC is much stronger than that in the SNC. Though the relative heat release rate fluctuation amplitude in the MNC is about three times that in the SNC, the pressure fluctuation amplitudes are nearly the same for the two combustor rigs compared to the difference in heat release rate oscillation amplitudes. This difference in driving yet similarity in thermoacoustic instability amplitude may indicate that the multi-nozzle system is more damped than the single-nozzle combustor.
FIGURE 5. NORMALIZED RAYLEIGH INDEX IMAGE FOR SNC AND MNC WITH WHOLE COMBUSTOR REGION AND
LEFT HALF FLAME AT EQUIVALENCE RATIO OF 0.7
FIGURE 6. PHASE DIFFERENCE IMAGE COMPARISON BETWEEN SNC AND MNC AT EQUIVALENCE RATIO OF 0.7 Phase Difference Image Comparison
To understand the reason for the difference in the normalized Rayleigh index between the MNC and SNC, we consider the phase angles of p' and q' at the dominant frequency. These phases are generated by taking the FFT of the pressure signal and chemiluminescence signal at each pixel, which results in a spatial distribution of the phase difference by subtracting the phase angles of q' by p'. A comparison of the phase difference images is illustrated in 
TRANSIENT COMBUSTION COMPARISON Fuel Convection Time Scale Comparison
The previous analysis considered the steady-state behavior of the unstable combustor by focusing on the instability pressure fluctuation amplitudes and heat release rate distributions. In this section, we analyze the evolution of instability onset and decay. To compare the transient behavior of the SNC flame and the outer nozzle flame of the MNC, we apply a similar equivalence ratio change in the SNC to the change that the outer flames of the MNC experience during a transient; the equivalence ratio variations are as similar as we could repeatedly achieve. We begin the transient analysis by comparing the timescales of the equivalence ratio variation between the two combustor configurations; these measurements were taken with the IR absorption technique. The results with five ensembles for each case are plotted in FIGURE 7 ; the error bar length is one standard deviation of the results from the ensembles.
FIGURE 7. TIME SCALES FOR EQUIVALENCE RATIO CHANGES DURING TRANSIENTS FOR MNC AND SNC
The equivalence ratio timescales show that the two valves behave very similarly upon opening and closing, as the timescales of the equivalence ratio variation Δϕ for the SNC and MNC are similar. In both cases, the larger equivalence ratio changes occur more quickly. However, the timescales for increases in equivalence ratio (valve opening) are approximately a factor of two longer than those for decreases in equivalence ratio (valve closing). This difference arises because in the valve opening case, the initially empty fuel line downstream the valve must be filled before the fuel reaches the dump plate, while in the valve closing case this volume is already full.
Combustion Instability Transient Time Scale Comparison
The instability transition timescales are compared between the SNC and MNC by fitting Eq. 1 to the envelope of the pressure. The results of this analysis are summarized using boxplots in FIGURE 8. In the boxplots, the red line indicates the median value and height of the box is determined by the first and third quartile of the data. Outliers of each case are denoted by the red crosses. The notch of the box represents the 95% confidence intervals, and the numbers above each box indicate the number of ensembles presented at each condition. The relative fuel staging percentages for the SNC are ±3.57% and ±7. 
FIGURE 8. BOXPLOT OF TRANSIENT TIME SCALES FOR THE INSTABILITY IN (a) SNC AND (b) MNC
For both the SNC and MNC, larger changes in equivalence ratio result in shorter instability decay timescales (left two boxes in each plot) by approximately a factor of two. Additionally, the larger changes in equivalence ratio result in less variability in the decay timescale, indicating less stochasticity in the decay process. For instability onset, the timescales are nearly independent of the change in equivalence ratio for the two combustors. The SNC timescales are shorter than the MNC timescales for both instability onset and decay, even though the fuel convection timescales are similar for both combustors. The difference in instability onset and decay timescales, independent of the fuel convection, suggests that the difference is a result of other factors, including flame interaction or system damping. The differences in the instability onset and decay processes for the SNC and the MNC can be better understood by examining the evolution of images of instantaneous phase between pressure and heat release rate oscillations, illustrated in FIGURE 9 and FIGURE 10. In the following discussion, "in-phase" means the pressure and heat release rate fluctuations are within 90 degrees of each other, while "out-of-phase" means the pressure and heat release rate fluctuations have a phase difference greater than 90 degrees.
In FIGURE 9 and FIGURE 10, dark blue regions indicate where the heat release rate and pressure fluctuations are in-phase, while yellow regions indicate the opposite. The π/2 iso-contour is plotted in white to mark the distinction between the in-phase and out-of-phase regions. In the combustion instability onset transients for both the MNC and SNC, the phase difference distributions change from random patterns to horizontal bands of in-phase and out-of-phase oscillations. Compared with the phase difference distribution in the MNC at the time t0-2 , the spatial distribution of the phase difference in the SNC is less random. A major difference between the downstream region in the MNC and SNC at unstable combustion states is that there are nearly no out-of-phase relations in the mid-region of the MNC, but there are smaller pockets of out-of-phase fluctuations in the SNC. Further, the asymmetry of the phase difference distribution in the MNC along the axis of the outer nozzles indicates the effects of the flame/flame interactions.
Though there are similarities in the spatial distribution of the heat release rate fluctuations in the stationary unstable combustion conditions between the SNC and the outer flames in the MNC, as shown in Figure 4 , the transient evolution shows significant differences between the flames. During the combustion instability onset transient, the evolution of the oscillations from out-of-phase to in-phase in the SNC is more similar to the center flame than the outer flames in the MNC. At the beginning, the in-phase and out-of-phase regions are initially randomly distributed, indicating no coherent oscillations, especially for the multi-nozzle combustor. As the transient process progresses, alternating bands of in-phase and out-ofphase oscillations appear. The dark blue in-phase regions increase in size until they dominate much of the combustor. The similarities in the phase evolution between in the center flame region of the MNC and that of the SNC are not only observed from the aspect of symmetry but also from the spatial distribution 
FIGURE 10. INSTANTANEOUS PHASE DIFFERENCE IMAGES DURING COMBUSTION INSTABILITY DECAY FOR MNC AND SNC
of the out-of-phase region near the flame base, where the out-ofphase region moves closer to the dump plate. In the evolution of the phase difference during instability onset transients, the center flame behaves more similarly with the single-nozzle flame than the outer flames in the MNC. However, we cannot take this conclusion too far as the center flame image is actually the superposition of three flames in the two-dimensional image. In contrast, the SNC flame behavior is somewhat similar to that of the outer MNC flames during the instability decay. At the beginning of the transient, both the SNC and MNC flames show large dark blue regions, indicating that much of the combustor is driving the instability. At t0, differences between the behavior of the center MNC flame and the single-nozzle flame become apparent. In the center flame of the MNC, out-of-phase regions begin to grow, displacing some of the formerly in-phase regions. The growth of these out-of-phase regions are absent at the same time in the SNC, whose structure more resembles the structure of the MNC outer flames. By the end of the transient, shown at time t0+2 , much of the structure in the phase difference patterns are gone in the MNC and some small in-phase regions remain in the SNC. This end state resembles the initial state of the onset transient in FIGURE 9 . In both the instability onset and decay cases, larger phase structure changes appear in the center flame region of the MNC, which means the flame/flame interaction between center flame and outer flames likely plays an important role in altering the phase relationships, during the equivalence ratio transients.
Another difference between the evolution of phase difference structures in the SNC and the MNC configurations is that the evolution of the instability onset structures mirrors the evolution of the instability decay structures in the SNC configuration but not the MNC configuration. This is also supported by the results in FIGURE 8, which show that the transition timescales are similar in both directions for the SNC configuration but are significantly different between directions in the MNC configuration. Since flame/wall interaction exists in both combustors, the difference is likely due to flame/flame interaction effects that only exist in the multi-nozzle configuration.
CONCLUSIONS
This work has compared the self-excited instability characteristics of a single-nozzle combustor and a five-nozzle combustor utilizing the same fuel injection hardware. Both combustors exhibit self-excited instabilities at equivalence ratios greater than 0.70 with an inlet velocity of 26 m/s and a preheat temperature of 200 C. The amplitudes of combustion instability, measured by the acoustic pressure oscillations, are similar (1500 Pa and 1100 Pa) in the single-nozzle and the multi-nozzle configurations. Similarities of the heat release rate fluctuation distribution between the flame in the SNC and the two outer flames in MNC are observed locally. Images of the normalized heat release rate fluctuation amplitude, along with normalized Rayleigh index images, show that the SNC flame has structural similarities to the outer nozzle flames in the MNC despite local differences in the heat release rate magnitude.
The instability onset and instability decay characteristics are examined using equivalence ratio transients that are conducted for each configuration. In combustion instability decay transients, higher ∆ϕ leads to a shorter timescale of pressure decay with a less variability in both the single-nozzle and multinozzle combustors. In contrast to the decay, combustion instability onset timescales are nearly independent on the Δ amplitudes in both configurations. The instability onset and decay time scales in the MNC are more sensitive to the Δ directions than that in the SNC, not only in terms of the median value but also in the variability. In addition, the instability transition timescales are smaller and less dependent on direction in the SNC as compared to the MNC. An analysis of the phase difference images at different instants during the onset and decay transients shows that the phase change in the center flame in the MNC plays a leading role compared with the outer flames. In the SNC, the inner shear layer region is responsible for the phase changes. The combustion instability onset/decay due to the ∆ϕ in the MNC is less mirrored than the combustion instability decay/onset transients compared to the SNC.
The flame dynamics in the SNC are most similar to the flame dynamics of the outer flames in the MNC. This similarity is likely due to the reduced impact of flame/flame interaction on the outside of the outer nozzle flames. Transition analysis on both the transient timescales and phase difference supports the viewpoint that the SNC is less sensitive to the transient directions than the MNC, even though similar variations in pressure amplitudes are obtained for a given change in equivalence ratio. The results in this paper show the importance of flame/flame interaction in altering the timescale of combustion instability onset and decay processes. Current results suggest the effects of flame/flame interaction need to be considered when applying the single-nozzle results to predict the behavior of interacting flames, especially for the transient characteristics of a multinozzle combustor.
